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In the early 90s, the recognition that Pex1p (formerly termed
Pas1p), the ﬁrst factor identiﬁed to play a role in the biogenesis of
peroxisomes, shares a highly conserved ATP-binding domain with
NSF (N-ethylmaleimide-sensitive factor) and VCP (valosin-containing
protein) [1] led to classiﬁcation of a new family of ATPases called
AAA-type ATPases (ATPases associated with various cellular activi-
ties) [1–5]. As the name implies, AAA proteins operate in a broad
range of cellular activities (reviewed by [6]). NSF (Sec18p in yeast)
for instance, is essential for vesicular transport processes in eukaryotes
[2,7] where it mediates the disassembly of SNARE (α-SNAP receptor)
complexes and enables vesicular fusion [8]. Cdc48p (and its ortholog
p97/VCP in mammals) is a multi-tasking protein that is required formembrane fusion [9], processing of transcription factors [10,11], and
also plays a crucial role in ERAD (Endoplasmic Reticulum Associated
protein Degradation) by providing the force to remove polyubiquiti-
nated, misfolded proteins from the endoplasmic reticulum [12–14]. In
the cytosol, these ubiquitinmarked proteins are directed to the 26S pro-
teasome. The six Rpt AAA-proteins of the 19S proteasomal cap control
an onward unfolding and entry of the proteins to the proteasomal
degradation core [15,16]. Other AAA-complexes are located at the
inner membrane of mitochondria (m-AAA-, i-AAA; [17,18]), acting as
chaperones (Hsp100 family; [19]), disassemble ESCRT-III complexes
(endosomal sorting complex required for transport) at endosomal
membranes (Vps4; [20]) or participate in microtubule associated
processes as motor proteins (cytoplasmic dynein [21,22]) or severing
of these ﬁlaments (Fidgetin, Katanin, Spastin; [23–25]). They can be
found in bacteria as well, like FtsH, which combines dislocase and
protease activities and functions in the quality control of bacterialmem-
brane proteins [26]. Although AAA-type ATPases operate in such a
multitude of cellular mechanisms, their molecular organization and
functional mechanisms have striking similarities. A common principle
is the ability to transfer the energy of ATP-hydrolysis to their target pro-
teins, leading to extensive conformational changes such as unfolding or
complex disassembly [27]. Furthermore, a variety of adaptor proteins
control both the speciﬁc localization of the AAA-proteins as well as
the energy transfer to their target proteins [28]. In this review, we
focus on the AAA-type ATPases Pex1p and Pex6p,which are structurally
related to Cdc48p/p97 and NSF. Pex1p and Pex6p are essential for
Fig. 1. Organization of the AAA-peroxins at the peroxisomal membrane in S. cerevisiae.
The peroxins Pex1p and Pex6p are type-II AAA-proteins, which both comprise an
N-terminal domain (NTD), a non-conserved AAA-domain (D1) and a conserved
AAA-domain (D2). Each of these AAA-domains contains a Walker A motif (A1;
A2) for ATP binding and, with the exception of D1 of Pex6p, a Walker B motif
(B1, B2) for hydrolysis of ATP. The formation of a heteromeric AAA-complex is
achieved by interaction of the D1 domains of Pex1p and Pex6p (blue arrow) and
is stimulated by ATP binding to the A2 motif of Pex1p (indicated in blue). Recruit-
ment of the AAA-complex to peroxisomes occurs via binding of the NTD of Pex6p
to the N-terminus of the tail-anchored membrane protein Pex15p (green arrow).
This interaction is stimulated by ATP binding to the Pex6p A1 motif (indicated in
green). Detachment of the AAA-complex from Pex15p (red arrow) depends on
the function of the D2 domain of Pex6p (indicated in red).
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peroxisome biogenesis are collectively called peroxins andmutations in
the peroxin Pex1p are the most common cause for fatal peroxisome
biogenesis disorders in human (see accompanying article by Fujiki
and coworkers). The homologous proteins Pex1p and Pex6p form a com-
plexwhich shuttles between the cytosol and the peroxisomalmembrane.
At the peroxisomal membrane, AAA-peroxins are responsible for the dis-
location of the PTS1 (peroxisomal targeting signal 1) receptor Pex5p back
into the cytosol and thus complete the peroxisomalmatrix protein import
cycle [29,30]. A similar role for the AAA-peroxins has been suggested for
the export of the PTS2 co-receptor Pex20p in Pichia pastoris [31]. In this
review, the emphasis is on Pex1p and Pex6p from yeast, especially
Saccharomyces cerevisiae.
2. Architecture of the peroxisomal AAA-type ATPases
AAA-proteins belong to the class of P-loop NTPases deﬁned by
conserved motifs for NTP-binding (Walker A motif) and hydrolysis
(Walker B motif) which are assisted by Mg2+ as cofactor [32]. Classi-
ﬁcation of the AAA-family is based not only on evolutionary
conserved AAA-domains comprising 200–250 amino acids, which
contain the Walker A and B motifs as well as other conserved regions
like the second region of homology (for details see accompanying
reviews of Zhang and coworkers and Wendler and coworkers). The
identiﬁcation of additional ATPases possessing AAA-modules led to
an extension of the protein family designated as AAA+-ATPases
[4,33–35]. This expanded family includes further metabolically active
and transcriptionally regulated proteins together with atypical AAA-
proteins such as cytoplasmic Dynein [36] (see accompanying review
by Cho and Vale). Type-I AAA-proteins, like Vps4p (see accompanying
review by Hill and Babst) proteasomal ATPases (see accompanying
review by Bar-Nun and coworkers) as well as microtubule severing
AAA-proteins (see accompanying review by Reid and coworkers),
are characterized by a single AAA-module besides their N-terminal
domain (NTD). The previously mentioned proteins NSF (see accom-
panying review by Whiteheart and coworkers), Cdc48p (see
accompanying reviews by Ogura, Dargemont and Wolf and their
coworkers) as well as Pex1p and Pex6p belong to the group of
type-II AAA proteins. These proteins are characterized by the pres-
ence of two AAA-domains, termed D1 and D2, post positioned to an
N-terminal domain (NTD) (Fig. 1). The Walker A- and B-motifs for
ATP-binding and ATP-hydrolysis of the D1-domain have been named
A1 and B1, the Walker motifs for the D2-domain accordingly A2 and
B2. The AAA-domains in Cdc48p, NSF and the AAA-peroxins exhibit dif-
ferent degrees of conservation.While both AAA-domains of Cdc48p are
well conserved, only theﬁrst AAA-domain (D1) of NSF and only the sec-
ondAAA-domain (D2) of the AAA-peroxins are evolutionary conserved.
A common feature of classical AAA-proteins is the formation of
active oligomers with predominantly hexameric constitution [34].
Thereby the AAA-domains are arranged in a ring-shaped pattern,
surrounding a central cavity. This hexameric architecture is also
observed for p97, based on X-ray crystal analysis [37–39] and cryo-
electron microscopy [40–44]. Structural data also provided some
insight into the reaction cycle of this ATPase. Binding of ATP and its
hydrolysis result in conformational changes of the D1 and D2
domains, leading to overall structural changes, whereby the shift of the
central cavity from an open to a closed state is most conspicuous [41].
Our knowledge on the structural arrangement and the functional
mechanismof the AAA peroxins Pex1p and Pex6p is still scarce. Howev-
er, their close relationship with Cdc48p/p97 and NSF [45,46] suggests
that theymight share a similarmode of action. Of all knownAAA-perox-
ins, only the N-terminal domain (NTD) of murine Pex1p has been crys-
tallized and its structure has been solved. It consist of two globular
subdomains (N- and C-lobe) folded to an N-terminal double psi and a
C-terminal beta-barrel. These subdomains are connected by a short
linker and form an overall structure with a shallow groove similarto the N-terminal domains of p97/VCP or NSF [47]. Interestingly, the
NTDs of p97/VCP and Pex1p show a common phospholipid-binding ac-
tivity, which may support the attachment to their target membranes
[48]. While no adaptor proteins interacting with Pex1p have yet been
identiﬁed, the NTD of Pex6p has been demonstrated to interact with
the tail-anchored membrane protein Pex15p, for which orthologues
have been identiﬁed in mammals (Pex26p) and plants (APM9) [49–
51]. Since Pex1p and Pex6p interact with each other [52], they are
believed to form a heteromeric complex which is recruited via
the Pex6p-Pex15p (Pex26p/APM9) interaction to the peroxisomal
membrane.
3. The AAA-peroxins Pex1p and Pex6p are essential for peroxisome
biogenesis
The AAA proteins Pex1p and Pex6p are peroxisomal biogenesis
factors, so called peroxins [1,53]. To date thirty-four peroxins are
known to be required for the formation of peroxisomes [54,55].
They are involved in the key stages of peroxisomal biogenesis like
the formation of the peroxisomal membrane, peroxisome prolifera-
tion as well as compartmentalization of peroxisomal matrix proteins.
The biogenesis and function of peroxisomes strongly depend on
the import of their matrix content. As these organelles neither con-
tain DNA nor an own translation system, all proteins have to be
imported after their synthesis on free ribosomes in the cytosol. Perox-
isomes are ubiquitously present in eukaryotic cells, whereby their
morphology and enzyme content differs, depending on species, tissue
and environmental conditions. More than 100 different matrix
proteins are known to traverse the single peroxisomal membrane to
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catalytic functions. Typical and eponymous for peroxisomes are
hydrogen peroxide producing oxidases coupled to the detoxiﬁcation
of H2O2 by catalases [56]. In yeast and most other organisms, beta-
oxidation of fatty acids exclusively takes place in peroxisomes [57].
In humans, fatty acids can be degraded by both peroxisomes and
mitochondria with the peroxisomal β-oxidation being specialized
for fatty acids like branched or very long chain fatty acids (VLCFA)
[58–61]. Other crucial metabolic functions of human peroxisomes
are their contribution to the synthesis of plasmalogens [62], bile
acids [63] and cholesterol [64]. Mutations that result in defects in
the formation of peroxisomes are the molecular cause for the devas-
tating group of human diseases, the peroxisome biogenesis disorders.
Dysfunction of components of the peroxisomal protein import
machinery including Pex1p and Pex6p leads to the Zellweger syn-
drome spectrum (ZSS) of peroxisomal biogenesis disorders (PBDs)
[65–67]. The ZSS consists of the Zellweger syndrome (ZS) [68,69], the
neonatal adrenoleukodystrophy (NALD) [70] and the infantile Refsum
disease (IRD) [71], which represent essentially the same disease with
amore or less severe phenotype [72]. This group of diseases is inherited
in an autosomal recessivemanner, whichmanifests in severe neurolog-
ic, hepatic and renal abnormalities aswell as dysmorphic facial features.
In its most severe form, the ZS, affected persons die within the ﬁrst year
of life, often prenatal or shortly after birth [73–75]. Affected patient cell
lines are characterized by the absence of morphologically detectable
peroxisomes, which either are completely absent or present as empty
membrane structures (”ghosts”), whereby matrix proteins are misloca-
lized to the cytosol [76,77]. Although mutations in several peroxins can
cause ZSS, about 80% of all patients exhibit mutations in either PEX1 or
PEX6. Mutations in PEX1 alone have been detected in more than half of
all ZSS patients. Depending on the mutation within the complementa-
tion group this defect results in a milder (IRD or NALD) or severe (ZS)
phenotype. The temperature sensitive PEX1 mutation G843D is the
most common cause among complementation group 1. This results in
a reduced Pex6p interaction and a drastically reduced steady state
level of the peroxisomal import receptor Pex5p, most likely upon insta-
bility of themutated Pex1p [78–80]. Interestingly, mutations of Pex26p
cause peroxisomal biogenesis disorders of complementation group 8.
Here a genotype–phenotype correlation could be shown as Pex26p
acts as membrane anchor for Pex1p and Pex6p in mammals [81,82].
Therefore, not just the interaction between the AAA-peroxins, which
is thought to be the most common cause for the ZSS [78], but also the
recruitment to the peroxisomal membrane is a prerequisite for their
function in peroxisome biogenesis (for a detailed review of the human
AAA-peroxins see accompanying review by Fujiki and coworkers).
4. Assembly of the Pex1p/Pex6p-complex and recruitment
to the peroxisomal membrane
The peroxisomal Pex1p/Pex6p complex together with the mito-
chondrial Yta10p/Yta12p (see accompanying review by Langer and
coworkers) and the six Rpt proteins of the proteasome (see accompa-
nying review by Bar-Nun and coworkers) are the examples of hetero-
meric AAA-complexes. The interaction of Pex1p and Pex6p was
originally observed in Pichia pastoris [83] and conﬁrmed in many
other species including Homo sapiens [84], S. cerevisiae [52,85], and
Hansenula polymorpha [86]. Analysis of truncated and mutated
versions of yeast Pex1p and Pex6p revealed that the interaction
takes place via their ﬁrst AAA-domains (D1) and is strongly enhanced
by ATP-binding to the second AAA-domain (D2) of Pex1p [52]
(Fig. 1). Compared with yeast, ATP-binding seems to be more impor-
tant for the assembly of the AAA-complex of Pex1p and Pex6p in
mammalian cells, since the Walker motifs A1 and A2 of both proteins
are required for the interaction. In addition, ATP-hydrolysis in B1 of
mammalian Pex1p is a prerequisite for an efﬁcient assembly of the
AAA-peroxins [52,87].The Pex1p/Pex6p-complex shows a dual localization in the cell as
it is located in the cytosol as well as at the peroxisomal membrane.
Association of this complex with the peroxisomal membrane is medi-
ated by binding to Pex15p. The predominant part of the tail-anchored
protein Pex15p or its orthologues in man (Pex26p, [51]) or plants
(APM9, [50]) faces the cytosol and mediates the peroxisomal mem-
brane association of the AAA-complex via a direct interaction with
the N-terminal domain of Pex6p [49,50,52,88]. However, the AAA-
domains of Pex6p seem to inﬂuence the Pex6p/Pex15p-interaction
and thereby regulate the recruitment of the cytosolic AAA-complex
to the peroxisomal membrane, although in opposite fashion. In par-
ticular, ATP-binding to D1 of Pex6p stimulates association of the
AAA-complex with Pex15p at the peroxisomal membrane [49] while
ATP-hydrolysis at D2 seems to trigger the release of the AAA-complex
from Pex15p and thus from the membrane [49]. In this context, it is
noteworthy that the D1 of Pex6p of all species does not contain a
functional Walker B motif for ATP hydrolysis [52,89].
The data indicate that the assembly and disassembly of the AAA-
complex as well as its Pex15p-mediated association and release
from the membrane are dynamic processes regulated by the nucleo-
tide binding state of the proteins. Studies of the mammalian AAA-
peroxins additionally demonstrated that recruitment of the AAA-
complex to peroxisomes is regulated by conformational changes
during the ATPase cycle [90] (see also accompanying review by Fujiki
and coworkers).
AAA-peroxins defective in ATP-hydrolysis of D1 are at least par-
tially functional. In contrast, ATP-hydrolysis of the conserved AAA-
domains (D2) of both AAA-peroxins is essential for their function
[52].
A picture is emerging in which Pex1p and Pex6p assemble via the
less conserved D1 domains. The resulting Pex1p/Pex6p-complex
associates with the peroxisomal membrane by binding of the N-
domain of Pex6p to the peroxisomal Pex15p. A functional role for
the N-domain of Pex1p has not yet been unveiled. The conserved
D2-domains of Pex1p and Pex6p require hydrolysis of ATP for their
function in peroxisome biogenesis, indicating that they may provide
the driving force for conformational changes triggered by the AAA-
peroxins.
5. Function of Pex1p and Pex6p in peroxisomal matrix
protein import
Pex15p connects the complex of Pex1p and Pex6p to the protein
import machinery which assembles into a supramolecular complex
at the peroxisomal membrane [85]. Impressive characteristics of the
peroxisomal protein import machinery are (i) that the peroxisomal
import receptors for cargo proteins shuttle between the cytosol and
the peroxisomal membrane [91,92], (ii) that the cargo proteins are
transported in a folded, even oligomerized manner with the basic
mechanism of this process still being enigmatic [93,94] and (iii) that
the AAA-peroxin dependent release of the import receptors from
the membrane seems to be responsible for the overall energy require-
ment of the import process, which gives rise to the export-driven im-
port model [95]. This concept proposes that the ATP-dependent
dislocation of the peroxisomal import receptor by the AAA-ATPases
is coupled to protein translocation into the organelle.
As ﬁrst step of the peroxisomal protein import cascade, newly syn-
thesized proteins, designated for the transport to the peroxisomal
matrix, are recognized in the cytosol by PTS-receptors. In the follow-
ing, the cargo-receptor complex docks at the peroxisome, where the
cargo proteins are transferred across the membrane, and are ﬁnally
released into the peroxisomal lumen (Fig. 2). Most peroxisomal ma-
trix proteins carry a PTS1 at their C-terminus which is recognized
by the PTS1-receptor Pex5p in the cytosol [96,97]. The receptor
Pex7p facilitates the import of proteins carrying a PTS2, depending
on co-factors, such as Pex18p and Pex21p in S. cerevisiae or Pex20p
Fig. 2. Peroxisomal matrix protein import in S. cerevisiae. The peroxisomal matrix pro-
tein import is based on soluble receptors, which shuttle between the cytosol and the
peroxisomal membrane, thereby guiding cargo proteins to the peroxisomal transloca-
tion machinery. (I) The receptor Pex5p recognizes matrix proteins via their PTS1 in
the cytosol, and (II) ferries them to the docking complex (Pex13p, Pex14p, Pex17p)
at the peroxisomal membrane. Assembly of the cargo-loaded Pex5p with the docking
complex is supposed to result in the formation of a transient pore, whose exact molec-
ular organization is still under discussion but at least contains Pex5p and Pex14p. (III)
The cargo is translocated into the peroxisomal lumen in an unknown manner, possibly
remaining associated with its receptor. Then the receptor-cargo complex dissociates
and the cargo is released into the peroxisomal lumen, a process which possibly in-
volves Pex8p. (IV) Monoubiquitination of the receptor is accomplished by the
Pex22p-anchored ubiquitin-conjugating Pex4p in concert with the ubiquitin ligase
Pex12p, which forms the RING complex together with the other ubiquitin ligases
Pex2p and Pex10p. The ubiquitin modiﬁcation serves as signal for the ATP-dependent
dislocation of Pex5p from the peroxisomal membrane back to the cytosol. This process
is performed by the AAA-peroxins Pex1p and Pex6p, which are anchored to the perox-
isomal membrane via Pex15p. Removal of the ubiquitin is supposed to complete the
receptor cycle and provides Pex5p for new rounds of import.
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complex docks at the peroxisomal membrane via interactions with
the membrane proteins Pex13p and Pex14p [102–106]. It remained
a matter of debate for a long time how the folded cargo proteins tra-
verse the membrane. One suggestion was that the import receptor
might be part of a dynamic import pore [107]. Indeed, the PTS1-
receptor Pex5p together with Pex14p turned out to represent the
minimal unit for the import of the intraperoxisomal protein Pex8p
[108] and they form a pore with features expected for a protein-
conducting channel [109]. Moreover, the dynamic behavior and phys-
ical properties of this channel with a diameter of up to 9 nm appear to
fulﬁll the criteria for the passage of folded proteins.
After formation of the import pore and cargo translocation, the
receptor returns back to the cytosol and in this way is recycled for
another round of import. Early experiments with permeabilized
ﬁbroblasts displayed an ATP-dependent shuttling of Pex5p between
the peroxisomal membrane and the cytosol [91]. Interestingly, dock-
ing of the cargo-receptor complex to the peroxisomal membrane
appeared to be ATP-independent, while the release of Pex5p from
the organelle membrane required ATP hydrolysis [110]. Further stud-
ies with S. cerevisiae [30] and human ﬁbroblast cells [29] identiﬁed
that the AAA-type ATPases Pex1p and Pex6p are responsible for the
release of Pex5p from the membrane. To fulﬁll this dislocase function,
the AAA-peroxins rely on the linkage to the import machinery via
binding to their membrane anchor Pex15p (Pex26p). Moreover, func-
tional D2 domains of both Pex1p and Pex6p are required to shuttle
the receptor back to the cytosol. As the Walker B motif of the D2
domain of Pex1p is necessary for receptor release but not for assem-
bly of the AAA-complex and membrane recruitment [52,87], ATP-
hydrolysis in this domain may exclusively be required for receptor
release. It is anticipated that an ATP-driven conformational change
in the D2-domains of the AAA-peroxins is transferred to the importreceptor to pull the protein out of its membranous environment. A
fraction of the membrane-bound receptor is carbonate-resistant and
therefore behaves like an integral membrane protein. It should be
noted that also the integral receptor is released from the membrane
by the AAA-peroxins [30]. We believe that the AAA-peroxins generate
a pulling force which liberates the receptors from their membrane-
bound state.
Another question concerns substrate recognition, in particular
how the AAA-peroxins interact with the import receptor Pex5p.
Among other proteins of the import machinery, Pex5p was identiﬁed
as component of solubilized AAA-complexes from yeast [30,85]. As
direct binding between the AAA-peroxins and the PTS-receptor has
not yet been detected, an interaction via adaptor proteins and/or
posttranslational modiﬁcations of the involved proteins is considered.
As an adaptor has not been identiﬁed, the attention focused on the
discovery of ubiquitinated forms of Pex5p [111–113]. Ubiquitination
of Pex5p takes place exclusively at the peroxisomal membrane and
monoubiquitinated as well as polyubiquitinated forms have been
detected [112–114]. Also the co-receptors of the PTS2-receptor
Pex7p, Pex18p in S. cerevisiae and Pex20p in P. pastoris, were found
to be modiﬁed by ubiquitination [31,115].
The transfer of ubiquitin to its target protein is catalyzed via an en-
zyme cascade. First, an ubiquitin-activating enzyme (E1) catalyzes
the ATP-dependent transfer of ubiquitin to a conjugating enzyme
(Ubc or E2). In the next step, an ubiquitin-protein ligase (E3) facili-
tates the covalent binding of the ubiquitin to the substrate [116].
Monoubiquitination of the PTS1-receptor Pex5p requires the peroxi-
somal E2 enzyme Pex4p (Ubc5Ha/b/c in mammals) [117–119] to-
gether with the RING (Really Interesting New Gene) ligase Pex12p
[120] (Fig. 3). Polyubiquitination of Pex5p depends on the E2 enzyme
Ubc4p (or the partially redundant Ubc5p and Ubc1p) [112–114]. In
addition, the RING ligases Pex2p and Pex10p have been implicated
to play a role in this process [120,121] (Fig. 3). Monoubiquitinated
Pex5p is detected at isolated membranes of wild-type S. cerevisiae
upon treatment with N-ethylmaleimide (NEM), which is supposed
to block deubiquitination [112], whereas polyubiquitinated forms of
Pex5p can be detected in cells with defects in late steps of the import
cascade like mutations in the AAA-peroxins, Pex4p or the proteasome
[113,114]. The latter indicates that the polyubiquitinated forms of
Pex5p are designated for proteasomal degradation. In vitro export
studies revealed that ubiquitination of the import receptor Pex5p is
a prerequisite for its AAA-peroxin dependent release from the mem-
brane [118], indicating that the attachment of ubiquitin indeed repre-
sents the signal for the AAA-dependent initiation of the export step
[118]. Thus, ubiquitination could possibly distinguish the export com-
petent Pex5p from the Pex5p species associated with an active import
pore [107].
In comparison, monoubiquitination of Pex5p appears to be the
common export signal dedicated for the recycling pathway, whereas
polyubiquitination seems to be part of a quality control system to
remove dysfunctional Pex5p from the membrane for proteasomal
degradation. In vivo data from P. pastoris support the idea that ubiqui-
tination also plays a role in cycling of receptors in the PTS2-pathway
[31,122]. Pex20p is a coreceptor of the PTS2-pathway with sequence
similarities to Pex5p. Block of Pex20p ubiquitination by mutagenesis
of all ubiquitination sites results in its accumulation at the peroxi-
somal membrane. The data indicate that also Pex20p might undergo
a similar cycling as the PTS1-receptor Pex5p, including its AAA-
peroxin dependent release from the membrane.
After release of the monoubiquitinated receptor from the mem-
brane, Pex5p is exclusively found as non-modiﬁed protein in the
cytosol. This observation suggests that the receptor is deubiquiti-
nated, which may take place either during the export process or
shortly afterwards [123]. Interestingly, the monoubiquitin moiety is
linked to a cysteine of Pex5p via an energetic weak thioester bond.
Recent data indicate that deubiquitination of mammalian Pex5p
Fig. 3. Ubiquitination cascades at the peroxisomal membrane in S. cerevisiae. The PTS1-receptor Pex5p is either mono- or polyubiquitinated at the peroxisomal membrane by two
different ubiquitination cascades. Both cascades are ATP-dependently initiated by the ubiquitin-activating enzyme Uba1p. For the monoubiquitination of Pex5p (green arrows) the
activated ubiquitin is transferred to the ubiquitin conjugating enzyme Pex4p and ﬁnally delivered to Pex5p facilitated by the RING-ligase Pex12p. After Pex1p/Pex6p-dependent
export and removal of the monoubiquitin the receptor is provided for further rounds of import. Alternatively, activated ubiquitin is transferred from Uba1p to the ubiquitin
conjugating enzyme Ubc4p, which acts in concert with the RING-ligase Pex2p on Pex5p polyubiquitination (red arrows). Since polyubiquitinated Pex5p is degraded by the 26S pro-
teasome after its AAA-dependent translocation, this second ubiquitination cascade is considered to be part of a quality control system.
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ophilic attack of glutathione [123]. While in mammals deubiquitinat-
ing enzymes acting on Pex5p have not yet been identiﬁed, the
ubiquitin-hydrolase Ubp15p has been linked to this process in yeast
via its interaction to Pex6p [124]. Ubp15p is associated with the
AAA-complex via a direct binding to Pex6p. Deﬁciency in Ubp15p
results in accumulation of ubiquitinated receptor at the peroxisomal
membrane and a partial import defect for peroxisomal matrix
proteins, indicating that receptor deubiquitination might be an
important process in receptor export and recycling [124].
It is interesting to note that Pex4p-mediated monoubiquitination
of Pex5p might not only control the export of the modiﬁed receptor
but may also contribute to the release of the AAA-peroxins from the
membrane [119]. In Pex4p-deﬁcient yeast Pex1p and Pex6p accumu-
late at the importomer [85]. This raises the possibility that the Ub-
dependent PTS1-receptor cycle and the recruitment and release of
the AAA-peroxins are interconnected.
6. Pex1p/Pex6p and Cdc48p — common features, different tasks
The Pex1p-Pex6p-complex and Cdc48p/p97 share striking similar-
ities. Both are type-II AAA ATPases and have similar functions as they
are crucial for the ATP-dependent translocation of proteins across a
membrane. Cdc48p/p97 takes part in several cellular processes like
membrane fusion, cell cycle progression and transcription factor pro-
cessing and also acts as a major player in ERAD (see accompanying re-
view by Wolf and coworkers). ERAD is responsible for the removal of
misfolded ER-proteins and their subsequent degradation by the 26S
proteasome in the cytosol [125,126]. Chaperones and enzymes like
protein disulﬁde isomerases in the ER lumen assist proper folding
and modiﬁcations of newly imported ER-proteins. Proteins in the
ER-lumen or the ER-membrane, which fail to achieve their natural
conformation, are recognized and eliminated by ERAD. This requires
retrotranslocation of luminal proteins or extraction in the case of
membrane proteins. At the cytosolic face of the ER-membrane,
these proteins are polyubiquitinated and degraded by the 26S protea-
some [125]. Thus, ERAD is regarded as a protein quality control sys-
tem. At ﬁrst glance, the matrix protein import into peroxisomes and
the extraction of misfolded substrates out of the ER membrane
seem to be two different mechanisms. In case of the peroxisomal
matrix protein import, proteins are transported from cytosol to per-
oxisomal lumen whereas proteins are released from the ER lumenor membrane into the cytosol by ERAD. But a closer look at these
machineries, both responsible for translocation processes, reveal a
very similar protein composition and similar mode of action. The
ERAD machinery as well as the peroxisomal import machinery consist
of at least one channel for protein translocation (most likely Pex5p/
Pex14p for peroxisomes and Sec61p at least for a subset of ERAD
substrates), membrane-anchored E2 enzymes (Pex4p/Pex22p at peroxi-
somes and Ubc7p/Cue1p in ERAD), several ubiquitin ligases (Pex2p/
Pex10p/Pex12p at peroxisomes and Hrd1p/Doa10p in ERAD) and an
AAA-complex for the ATP-dependent extraction of the ubiquitinated sub-
strate (Pex1p/Pex6p at peroxisomes and Cdc48p in ERAD) [95,127,128].
Ubiquitination as central signal and the action of AAA-ATPases as motor
protein for the export process connects the mechanisms underlying
both machineries and explains their similar composition. However, it
has to be noted that ERAD substratesﬁnally are always polyubiquitinated.
In ERAD, substrates for ubiquitination aremisfolded proteins destined for
removal from themembrane and subsequent degradation. In peroxisom-
al protein import, it is the import receptor that is mono- or polyubiquiti-
nated and exported back into the cytosol. Thus, in both cases the target of
ubiquitination is transported to the cytosol, the ubiquitinated Pex5p
receptor can be compared with an ubiquitinated ERAD substrate.
Ubiquitination serves as export signal and is recognized by cyto-
solic AAA-complexes, which are recruited to their target membrane
by a transmembrane protein serving as membrane anchor. In ERAD,
Ubx2 and Dfm1 have been implicated to guide the AAA-complex to
the ubiquitin ligases, where the ubiquitinated substrate is poised for
translocation [129–133].
For ERAD, several models exist concerning the role of Cdc48p/p97
for the extraction of ER proteins [125]. Evidence has been provided
that the proteasome itself can directly extract proteins from the ER
membrane [134–136]. However, most proteins seem to require the
activity of Cdc48p/p97 prior to the proteasome. Interestingly,
Cdc48p has also been reported to function as a segregase in the
release of the ubiquitinated transcription factor Spt23p from the ER
membrane. Spt23p is then not degraded by the proteasome but trans-
ported into the nucleus [10,11]. For Cdc48p/p97, several models for
recognition of the ubiquitinated target have been postulated: A direct
binding to the substrate without involving ubiquitin [137], a direct in-
teraction with ubiquitin [138], as well as a simultaneous binding to
ubiquitin and a non-ubiquitinated part of the substrate [139].
Furthermore, an indirect interaction bridged by ubiquitin-binding
adaptors has been described [140].
155I. Grimm et al. / Biochimica et Biophysica Acta 1823 (2012) 150–158Polyubiquitination and subsequent proteasomal degradation as
part of a quality control system are common features of ERAD and
peroxisomal matrix protein import. However, degradation of the im-
port receptor Pex5p seems to be of importance if the protein import
machinery is blocked but usually is not the main purpose of the
AAA-peroxins. In fact, the Pex5p designated for degradation is
marked by a polyubiquitin-chain at lysine-residues. For receptor
recycling, Pex5p is modiﬁed by monoubiquitin of a conserved cyste-
ine. Interestingly, both mono- and polyubiquitinated forms require
the action of the AAA-peroxins for membrane release [118]. It is still
unknown how the AAA-complex recognizes the marked receptor for
export. The X-ray structure of the N-terminal domain of Pex1p
showed a double-psi beta-barrel fold, which also is present in
Cdc48p/p97 [47] and functions as speciﬁc binding domain for
mono- and polyubiquitin in p97 [141]. But whether this domain
performs such function in Pex1p still has to be investigated.
Although our knowledge on complex composition and function is
steadily increasing, the exact mechanism of the ATP-dependent
extraction of protein substrates by Cdc48p/p97 as well as by the
AAA peroxins, Pex1p and Pex6p still remains elusive and emphasis
of future work will be on the elucidation of this process.7. Other functions assigned to Pex1p and Pex6p
Pex1p and Pex6p are evolutionary related to Cdc48p/p97 [45,127].
It is known that Cdc48p is not only involved in ERAD but also plays a
crucial role in other cellular processes such as e.g. the homotypic
fusion of ER membranes, assembly of Golgi cisternae, the processing
of nuclear transcription factors or the expansion of the nuclear enve-
lope [142]. Equally, Pex1p and Pex6p have been implicated in several
different functions. Based on the ﬁnding that both Pex1p and Pex6p
can associate with membranous subcellular structures distinct from
mature peroxisomes in Yarrowia lipolytica and Pichia pastoris, these
peroxins were thought to play a role in vesicular membrane transport
[83,143]. By in vitro vesicle fusion experiments, Pex1p and Pex6p
were shown to be required for the fusion of distinct premature perox-
isomal vesicle species in Y. lipolytica [143]. The hypothesis has been
put forward that this process might play a role during the maturation
of endoplasmic reticulum-derived peroxisomal structures during de
novo synthesis of peroxisomes [144].
Interestingly, Pex6p might also have additional functions that
appear not to be related to peroxisomes. Human PEX6 has been
reported to interact speciﬁcally with transcriptional regulators
Smad2, Smad3, Smad4 and Smad7, which shuttle between endo-
somes, cytosol and nucleus [145]. These proteins are involved in the
signaling pathway of the plasma membrane receptor TGFβ (trans-
forming growth factor β), which regulates apoptosis. In addition,
yeast Pex6p acts as a suppressor for aging defects in mitochondria
[146]. Overexpression of Pex6p, but not of Pex1p, restores the import
defect of mutant ATP2, the gene encoding the β-subunit of mitochon-
drial F1,F0-ATPase, into mitochondria. This ﬁnding might indicate a
novel, yet not understood, function of this peroxin in mitochondrial
inheritance and senescence [146]. Furthermore, a screen for acetic-
acid induced cell death revealed that the PEX6-deletion strain has
the most pronounced survival defects of all strains affected in per-
oxisome function [147]. The study describes a function for Pex6p
in the prevention of necrotic cell death in yeast. In summary,
there is evidence that the AAA-peroxins might play distinct roles
in vesicular membrane trafﬁc and in the suppression of different
cell death mechanisms. It will be of importance to analyze the
functional role of the AAA-peroxins in these processes in greater
detail and in different species. A common theme for the mode of
action of the AAA-peroxins might be that they act as mechano-
enzymes that disassemble protein complexes linked to different
cellular functions.8. Conclusions and perspectives
Ever since the basic set of components of the protein complexes
dedicated to peroxisome function had been identiﬁed, the role of
the AAA-type ATPases Pex1p and Pex6p has been the center of discus-
sion regarding the molecular mechanism of this biogenetic process.
While realizing that both AAA-peroxins might be involved in different
tasks, several attempts to deﬁne their main contribution to peroxi-
some biogenesis have been made. First, mechanistic data on the func-
tion of Pex1p and Pex6p came from work in Y. lipolytica and linked
both AAA-peroxins to fusion events of premature peroxisomal vesicle
species [148]. A role for the AAA-type ATPases in matrix protein im-
port was put forward by the hypothesis that they might disassemble
peroxisomal cargo complexes on the cytosolic side of the membrane
prior to the ﬁnal import reaction (preimplex hypothesis) [149]. An-
other notion on the functional role of the AAA-peroxins in peroxi-
some biogenesis is related to the concept of a transient pore for
peroxisomal protein import [107]. Here, the AAA-peroxins play an
important role in receptor recycling. In particular, they function as
dislocases for the ubiquitinated import receptors. Several groups
working with different species have lent credibility to the concept
that Pex1p and Pex6p consume ATP in order to extract Pex5p from
the peroxisomal membrane. After release, monoubiquitinated Pex5p
enters the recycling pathway for further rounds of import, while poly-
ubiquitinated Pex5p is destined for proteasomal degradation. The
AAA-dependent release of the import receptor seems to be responsi-
ble for the overall energy requirement of peroxisomal protein import.
This is addressed by the export-driven import model, which describes
a direct coupling of receptor export back to the cytosol and cargo re-
lease into the peroxisomal lumen [95,128]. Energetically driven by
the peroxisomal AAA-proteins, a conformational change might be
transferred to the receptor, which contributes to cargo translocation
[95]. Alternatively, the cargo may be released from the receptor via
competing binding afﬁnities, most likely via the intraperoxisomal
Pex8p. Thus, the AAA-dependent export of Pex5p might be the rate-
limiting step in the protein import process. Probably cargo-free re-
ceptors have to be removed from the membrane in order to enable
cargo-charged receptors to access the peroxisomal matrix [95,128].
The aim of future research will be to test these concepts in greater de-
tail. In addition, it will be of importance to identify new adaptor pro-
teins of Pex1p and Pex6p, which may possibly be speciﬁc to their
functional implication in vesicle fusion, apoptosis and dislocation of
the ubiquitinated PTS-receptors.
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